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ABSTRACT: An experimental program has been conducted t o  meas- 
ure the  thermal conductivity of the proposed Viking heat-shield 
material ,  Martin SLA-561, a f t e r  s t e r i l i z a t i o n  (60 hours a t  
276O F) and during exposure t o  vacuum and t o  a simulated 
Martian atmosphere (74.4 percent C02, 12.8 percent N2, 
12.8 percent A r ) .  
were made a t  75' F using the  line-source technique. 
m a l  conductivity of SIA-561 was measured to be 0.0298 Btu/ft-  
h r - 9  a t  atmospheric pressure. 
sequence consisting of atmosphere, vacuum, and simulated 
Martian atmosphere exposure, a 60-percent reduction i n  thermal 
conductivity was measured i n  vacuum. After a 4-hour exposure 
t o  a 7-torr pressure i n  t h e  simulated Martian atmosphere, t h e  
thermal conductivity increased 67 percent from the  value meas- 
ured i n  vacuum. 
measurements i n  the  atmosphere , a f t e r  s t e r i l i z a t i o n  and during 
exposure t o  vacuum and the  simulated Martian atmosphere. The 
r e s u l t s  of these measurements showed t h a t  s t e r i l i za t ion  had no 
e f f e c t  on the  thermal conductivity measured a t  atmospheric 
pressure nor on the  changes measured i n  vacuum and in t h e  
simulated Martian atmosphere. Thermal conductivity was meas- 
ured a t  varying pressures during both environmental sequences 
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In  s i t u  thermal conductivity measurements 
The the r -  

I n  the first environmental 

The second environmental sequence consisted of 
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and the  r e s u l t s  showed t h e  thermal condu t i v i t y  t o  be essen- 
t i a l l y  independent of pressure below lo-' t o r r  with t h e  t r ans i -  
t i o n  from molecular t o  continuum flow occurring i n  t h e  lo-* t o  
10 t o r r  pressure range. 

KEY WORDS: thermal conductivity, vacuum e f fec t ,  ab la t ion  
material  

Recent experimental r e s u l t s  have shown t h a t  t h e  thermal 
and mechanical proper t ies  of spacecraft  materials can be 
a l t e r e d  by exposure t o  the space e n ~ i r o n m e n t . ~ , ~ , 3  I n  par t icu-  
lar ,  r e s u l t s  have shown t h a t  t he  thermal and mechanical proper- 
t i e s  of ab la t ive  heat-shield mater ia l s  may change due t o  
s t e r i l i z a t i o n  and exposure t o  vacuum. To deternine the  thermal 
conductivity of a candidate Viking heat-shield mater ia l  during 
the  mission environmental sequence, an experimental program 
has been conducted wherein i n  s i t u  thermal conductivity meas- 
urements were made a f t e r  s t e r i l i z a t i o n  and during exposure t o  
vacuum and a simulated Martian atmosphere. 

EKF'ERl3ENTA.L PROGRAM 

Thermal Conductivity Measurements 
The line-source techniaue was used f o r  measuring thermal 

conductivity.' 
couple wire a re  placed ins ide  a sample a s  shown i n  Fig. 1. 
Heat i s  generated i n  the  sample by passing a known hea ter  
current through the heater wire, and the  var ia t ion  of tempera- 
t u re  with time i s  measured with t h e  thermocouple located on 
the  hea ter  w i r e .  The heater c i r c u i t  consisted of a 6-volt 
ba t te ry ,  an a m e t e r ,  and a var iab le  r e s i s t o r  f o r  p re se t t i ng  the  
heater current p r i o r  t o  i n i t i a t i n g  sample heating. 
i n i t i a t i n g  the  heater current,  t h e  temperature-time h i s to ry  of 
the  hea ter  wire i s  recorded using t h e  thermocouple loca ted  on 
the  hea ter  wire, a reference junction and a recorder. 
recorder output, a computer program i s  used t o  f i t  a l e a s t -  
squares s t r a igh t  l i n e  t o  the  data and ca lcu la te  t h e  thermal 
conductivity from t h e  slop f of the l i n e .  
t i v i t y  w a s  ca lcu la ted  from 

I n  t h i s  technique a heater wire and thermo- 

Af te r  

From t h e  

The thermal conduc- 

t2 In - q K =  
4np2 - Q1) 

where 
K = thermal conductivity 
q = heat input 
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0 = temperature 
t = time a f t e r  i n i t i a t i o n  of heat generation 

F ig .  2 i s  a photograph of the  thermal conductivity 
instrumentation and Fig. 3 i s  a photograph showing Aetaiis 
of the  sample instrumentation. All measurements were made a t  
200 mA hea ter  current with a heating period of 5 minutes. A 
second thermocouple was inser ted  1/4 inch ( see  Fig.  3 )  below 
the  sample surface and monitored during the  t e s t s  t o  determine 
i f  the  surface temperature was changing. Also, a plot of t h e  
logarithm time-temperature output was a l so  examined t o  check 
the  l i nea r i ty .  A l l  measurements reported a r e  the  average of 
the  thermal conductivity measured on three  samples a t  a given 
time. 

Environmental Chamber 

Martian atmosphere was done i n  the  a -cu- f t -u l t rah igh  vacuum 
chamber shown i n  Fig. 2. This i s  a s t a in l e s s  s t e e l  chamber 
capable of achieving pressures of lom1' t o r r .  
description of t he  chamber i s  given i n  Ref. 5. 

The s t e r i l i z a t i o n ,  and exposure t o  vacuum, and a simulated 

A complete 

Material 
The candidate Viking heat-shield material  studied was ... 

SLA-561, made by the  Martin Marietta Corporation. 
has a density of 0.201 g/cc and i s  composed of a sil icone 
elastomer f i l l e d  with s i l i c a  spheres, phenolic microballoons, 
s i l i c a  f i b e r s ,  and cork. A complete description of t h e  
mte r i a l , i nc lud ing  i t s  ab la t ive  properties,  can be found i n  
Ref. 6. 
and typ ica l  samples a r e  shown i n  Fig. 4. The 0.010-inch 
manganin hea ter  wires and the  30-gage copper-constantan thermo- 
couple wires were cas t  i n t o  the  heat-shield samples during 
sample preparation. 
weeks a t  45 percent r e l a t ive  humidity i n  a c lass  100 clean 
room p r i o r  t o  t e s t ing .  

Environmental Sequence 
Thermal conductivity measurements were made during two 

environmental sequences: (1) atmosphere, vacuum, and simu- 
l a t ed  Martian atmosphere exposure, and ( 2 )  atmosphere, s t e r i l i -  
zation, vacuum, and simulated Martian atmosphere exposure. 

The SLA-561 

Thermal conductivity samples were 4 by 4 by 6 inches, 

The mater ia l  was preconditioned several  

The f i r s t  sequence began by making several thermal conduc- 
t i v i t y  measurements on the  three  samples i n  the  vacuum chamber 
a t  atmospheric pressure ( see  Fig. 3 ) .  
evacuated and t h e m 1  conductivity masurements were made a s  a 
m e t i o n  of time during the  128.5-hour vacuum exposure time. 
After 146.1 hours,the pressure was increased t o  7.0 t o r r  with 
a simulated Martian atmosphere consisting of 74.4 percent C02, 
12.8 percent Np, and 12.8 percent A r .  

The chamber was then 

Thermal conductivity 
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measurements were made a t  7.0 t o r r .  The chamber pressure was 
then reduced t o  1 .0 ,  0 .5 ,  and 0.1 t o r r  and thermal conductivity 
measurements were made a t  each of these pressures.  The 
pressure t i m e  h i s to ry  fo r  sequence 1 i s  shown i n  Fig. 5 .  A l l  
environmental exposures and thermal conductivity measurements 
were a t  75' F. 

A t  the s t a r t  of t he  second sequence,three d i f f e ren t  
thermal conductivity samples were s t e r i l i z e d  i n  the chamber by 
heating the samples of 276' F f o r  60 hours a t  a pressure of 
600 t o r r  i n  a dry nitrogen atmosphere. 
thermal conductivity was measured a t  75' F and the vacuum 
exposure begun. 
a function of vacuum exposure time f o r  95.0 hours and a f t e r  
96.3 hours the pressure was r a i sed  t o  7.0 t o r r  with t h e  
simulated Martian atmosphere. 
t h i s  sequence i s  a l s o  shown i n  Fig.  5. 

After s t e r i l i z a t i o n  the 

Thermal conductivity measurements were made a s  

The pressure time h i s to ry  f o r  

EXPERIMENTAL RFSULTS 

Sequence 1 - Atmosphere, Vacuum, Simulated Martian Atmosphere 

was 0.0298 Btu/ft-hr-OF as shown on Fig.  6. 
vacuum, the average thermal conductivity had been reduced 
46 percent t o  0.0161 BtuIft-hr-OF. 
vacuum the thermal conductivity continued t o  decreEse, and a f t e r  
31.5 hours the conductivity was 0.0120 Btu/ft-hr- F and 
remained approximtely constant f o r  t he  remainder of the vacuum 
exposure period. After 146.1 hours the pressure i n  t h e  chamber 
was raised t o  7 t o r r  with the simulated Martian atmosphere. 
Measurements were made immediately a f t e r  reaching 7 t o r r  and 
a f t e r  4, 8, and 12 hours. The thermal conductivity measured 
a t  these times wits 3.0186, 0.0200, 0.0191, and 0.0193, 
respect ively.  The pressure was then reduced t o  1.0 t o r r  f o r  
4 hours, a f t e r  which t i m e  t he  thermal conductivity was 
0.0145 Btulft-hr-OF. 
f o r  4 hours a f t e r  which time the  thermal conductivity was 
0.0140 Btulft-hr-OF. 
0.1 t o r r  f o r  4 hours a f t e r  which time the  thermal conductivity 
was 0.0131 Btu/ft-hr-OF. 

Sequence 2 - Ste r i l i za t ion ,  Vacuum, Simulated Martian Atmosphere 
A second environmental sequence on three d i f f e ren t  SLA-561 

samples was conducted wherein thermal s t e r i l i z a t i o n  was 
included. 
nitrogen atmosphere a f t e r  s t e r i l i z a t i o n  was 0.0296 Btu/ft-hr- F 
(see Fig. 7 ) .  
l i z e d  samples discussed i n  sequence 1 was 0.0298 a t  atmospheric 
pressure,  there  was es sen t i a l ly  no e f f e c t  of s t e r i l i z a t i o n  on 
the  thermal conductivity. After  s t e r i l i z a t i o n  the vacuum 

The thermal conductivity measured a t  atmospheric pressure 
After 1.8 hours i n  

For the f i r s t  20 hours i n  

The pressure was then reduced t o  0.5 t o r r  

Final ly ,  t he  pressure was reduced t o  

The thermal conductivity measured a t  600 t o r r  i n  a. 

Since the  thermal conductivity f o r  the unsteri- 
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exposure began, and t h e  measured thermal conductivity values a re  
shown i n  Fig.  7. The vacuum-induced changes fo r  the s t e r i l i z e d  
samples (sequence 2 )  were s imilar  t o  the vacuum-induced changes 
f o r  the uns t e r i l i zed  samples (sequence 1). For instance: a f t e r  
2 hours i n  vacuum, the t h e m 1  conductivity o f  the s t e r i l i z e d  
samples (sequence 2) vas 0.0161 , whereas the  thermal minnductivity 
of t he  uns t e r i l i zed  samples (sequence 1) was 0.0155 Btu/ft-hr-q. 
A f t e r  95 hours i n  vacuum, the  thermal conductivity of t he  s t e r i -  
l i z e d  samples (sequence 2)  was 0.01b B t u / f t - h r - q  compared with 
0.0124 B tu / f t -h r -q  f o r  the uns t e r i l i zed  samples (sequence 1). 

After 96.5 hours the pressure was increased t o  7.0 t o r r  
with a simulated Martian atmosphere. Three hours l a t e r  t he  
thermal conductivity f o r  t he  s t e r i l i z e d  samples (sequence 2)  
was 0.0212 B tu / f t -h r -9 .  
uns t e r i l i zed  samples (sequence 1) w a s  0.0200 Etu / r t  -tir-DF a f t e r  
4 hours i n  a 7 - to r r  atmosphere of the s i r n u k i t 4  Martian 
environment. The s t e r i l i z a t i o n  had very l i t t l e  effect  on the 
thermal conductivity of SLA-561 during vacuum expocure and 
exposure t o  the simulated Martian atmosphere st '7 t o r r .  

E f fec t s  of Pressure 

1) and s t e r i l i z e d  (sequence 2 )  samples i s  shown i n  Fig. 8. 
F i r s t ,  it should be noted t h a t  there  a re  no discernible 
differences i n  the thermal conductivity measured a t  the same 
pressure f o r  e i t h e r  of t he  sequences studied. The measurements 
do indicate  t h a t  a t  pressures below 10-4 t o r r  the thermal 
conductivity may be independent of pressure. I n  the pressure 
region lo-* t o  10 t o r r ,  t he  cha rac t e r i s t i c  knee i n  the thermal 
conductivity curve ( b e  t o  t r a n s i t i o n  from molecular to 
continuum flow) was observed. A t  about 10-1 t o r r ,  there appear 
t o  be differences i n  t h e  thermal conductivity measured during 
the  vacuum chamber pumpdown and those mepsured i n  t h e  simulated 
Martian atmosphere. This i s  d i f f i c u l t  t o  confirm because t h e  
vacuum pumpdown measurements were made w h i l e  the  pressure was 
changing a s  a function of time (see Fig. 5 )  and thus it cannot 
be assumed t h a t  t he  samples were allowed su f f i c i en t  t i m e  t o  
e s t ab l i sh  equilibrium with t h e i r  environment. 

The thermal conductivity for t h c  

The e f f e c t  of pressure f o r  both the unster i l ized (sequence 

CONCLUSIONS 

The r e s u l t s  of making i n  s i t u  thermal conductivity meas- 
urements on SLA-561 during sequence 1 (atmosphere , vacuum, 
simulated k r t i a n  atmosphere) and sequence 2 (atmsphere , 
s t e r i l i z a t i o n ,  vacu-m,, siEdlated Xartian atmosphere) resulted 
i n  the  following conclusions: 

(sequence 1) was reduced by 46 percent a f t e r  1.8 hours i n  
vacuum and by 60 percent a f t e r  31.5 hours. 

1. The thermal conductivity of the unster i l ized samples 

The thermal 
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conductivity a f t e r  12  hours i n  a 7- torr  gressure of a simulated 
Martian atmosphere was 0.0193 Btu/ft-hr- F. 
conductivity did not appear t o  be a function of time i n  vacuum 
a f t e r  31.5 hours of exposure. 

The thermal 

2. There was e s sen t i a l ly  no e f f ec t  of s t e r i l i z a t i o n  on 
e i t h e r  t he  thermal conductivity measured a t  atmospheric 
pressure or on the  vacuum-induced changes i n  thermal conduc- 
t i v i t y .  Measurements a t  7 t o r r  f o r  both s t e r i l i z e d  and 
uns t e r i l i zed  samples were approximately the  same. 

3 .  The thermal conductivity measured f o r  both environ- 
mental sequences was e s sen t i a l ly  independent of pressure below 
lom4 t o r r .  In  t h e  t o  10 pressure region the  thermal 
conductivity was a f inc t ion  of pressure.  
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Figure 1.- Experimental technique used f o r  measuring thermal 
conductivity. 
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Figure 2. - Experimental apparatus used i n  maicing the  thermal 
conduct iv i ty  measurements. 

Figure 3.- Heat-shield samples loca ted  i n  the 20-cubic-foot 
u l t r ah igh  vacuum chamber. 



Figure 4.- Heat-shield samples used in the thermal 
conductivity study. 
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Figure 7.- Thermal conductivity of SLA-561 measured for 
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